Introduction
Obsessive-compulsive disorder (OCD) is characterized by recurrent thoughts and repetitive behaviors that lead to social functional impairment. Lifetime prevalence of OCD has been estimated at 2.3%. 1 Besides, individuals with OCD experience chronic and severe course. OCD is among the 20 leading causes of years-of-life lost due to disability, 2 and therefore has serious effects on individual quality of life and society. 3 In the last few decades, a large number of studies of OCD have detected structural and functional alterations in the brain. Since previous studies have reported elevated metabolic rates in heads of the caudate nuclei and orbital gyri using positron emission tomography, 4 as well as decreased orbitofrontal cortex volume in patients with OCD, 5 it has been hypothesized that the orbitofrontal cortex and the ventral striatum are involved in the neuropathology of OCD. A meta-analysis of functional MRI studies identified abnormalities in the cortico-striato-thalamic circuits, 6 and a systematic review and meta-analysis of diffusion tensor imaging (DTI) studies also highlighted the cortico-striato-thalamic circuit. 7 Consequently, this circuit is considered to underpin the pathogenesis of OCD. However, in recent years, besides this cortico-striato-thalamic circuit, alterations in other foci including dorsolateral/medial prefrontal cortex, temporal, parietal and occipital regions, anterior insula, and internal capsule have been detected, 8, 9 suggesting widespread abnormalities are probably involved in OCD pathology. Therefore, there is a need to examine the whole brain of OCD patients.
As genetic studies of OCD have previously reported specific genes related to myelin, [10] [11] [12] there is the possibility that white matter alteration may be related to the pathology of OCD. Numerous studies have reported changes of white matter in the corpus callosum, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] cingulum bundle, 15, [17] [18] [19] [20] [23] [24] [25] [26] [27] and parietal regions. 6, 15, 23, 28 A meta-analysis revealed white matter abnormalities mainly in crossing between the anterior body of the corpus callosum and cingulum and other various regions. 29 And also, previous researches showed their results of diffusivity measurements were opposite even in the same tract (eg, the body of corpus callosum [16] [17] [18] and the internal capsule 18, 30 ) and the results from OCD patients were inconsistent. Until now, most DTI studies have used voxel-based morphometric 13, 17, 25, 28 analysis and tract-based spatial statistics (TBSS). 16, [18] [19] [20] 22, 30, 31 These methods can detect voxels with abnormalities but do not reveal the specific white matter bundles harboring the abnormalities. In contrast, tractography identifies specific white matter bundles with abnormalities, which enables the determination of brain regions that are connected by these fibers. 32 TRActs Constrained by UnderLying Anatomy (TRAC-ULA) is one of the tractography methods whose advantage is sensitive to the specific white matter tract which we target. 33 Therefore, it allows identification of the specific tracts with white matter alterations. Previous studies focused on the corpus callosum, 21, 34 and fronto-striatal fibers 35 have used tractography to investigate OCD pathology. However, there have been few tractographic studies that have investigated multiple major white matter bundles. TRACULA conducts whole-brain tractography in the native diffusion space and makes it possible to reconstruct 18 major white matter fibers. TRACULA utilizes prior information of the anatomy obtained from a set of trained subjects where the tracts are labeled manually. The prior information is the probabilities that the tracts pass through or to the left, right, anterior, posterior, superior, and inferior of a certain label determined by FreeSurfer software, and is validated by the accuracy of automated segmentation of the T1-weighted images (T1WIs). 36 TRACULA does not use deterministic region of interest (ROI) but uses prior probabilities from a set of training subjects. It models the likelihood of the anatomical neighborhood of a tract how likely each tract is to go through or next to each of the labels of the FreeSurfer subcortical segmentation and cortical parcellation. The other automatic tractography method, for instance, that is named as Automated Fiber Quantification defines two waypoint ROIs and reconstructs the pathways which go through ROIs. 37 TRACULA adopts the ball-and-stick model, which sets multiple anisotropic compartments per voxel and global tractography that is not sensitive to areas of high local uncertainty. Therefore, this tractographic method, TRACULA, enables estimation of even areas of low anisotropy and tract crossing. In other words, an advantage of TRACULA is its ability to identify the brain region with alteration as a part of the tracts, and has little effects by fiber junctions or crossings. In this study, we aimed to comprehensively investigate alterations in white matters in OCD patients by exploratory analysis using TRACULA in order to detect diffusivity measurements in white matter tracts that could predict the diagnosis of OCD.
Patients and methods Participants
Twenty-seven patients with OCD and 28 age-matched healthy controls (HCs) were scanned with MRI and two patients and one control were excluded because of their inadequate reconstruction. The subjects were 25 adult patients diagnosed with OCD and 27 age-matched HC. Patients were recruited from University Hospital, Kyoto Prefectural University of Medicine, Kyoto, Japan. All patients were diagnosed with OCD using the Structured Clinical Interview for DSM-IV Axis I Disorders Patient Edition (SCID-I/P). 38 All patients had a sole diagnosis of OCD and none had taken psychotropic medications for at least 8 weeks. Five OCD patients were medication-naive and 20 patients had psychotropic medication histories. Obsessive-compulsive symptom severity was quantified by the Yale-Brown Obsessive Compulsive Scale (Y-BOCS). 39 We also assessed the excess of depression and anxiety by Hamilton Depression Rating Scale (HAM-D) and Hamilton Anxiety Rating Scale (HAM-A) on the OCD patients. Patients had no current comorbidities which occurred frequently in OCD (eg, major depressive disorder) and only two patients had a previous diagnosis of major depressive disorder.
Exclusion criteria were as follows: 1) significant disease such as neurological diseases and disorders of the pulmonary, 
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White matter alterations revealed by TracUla in OcD cardiac, renal, hepatic, endocrine, or metabolic systems; 2) current or past DSM-IV axis I diagnosis of any psychiatric disorders except OCD; and 3) DSM-IV diagnosis of mental retardation and pervasive developmental disorders based on a clinical interview and psychological history.
There were no histories of psychiatric disorders in HC, as determined by the Structured Clinical Interview for DSM-IV Axis I Disorders/Non-patient Edition (SCID-I/NP).
Kyoto-Prefectural University of Medicine Research Ethics Committee approved this study and all participants gave written informed consent.
Mri acquisition
Participants underwent MRI scanning using a whole-body 3-T MR scanner (Achieva 3.0T T; Philips Medical Systems, Best, the Netherlands) with an eight-channel phasedarray head coil to obtain T1WI and diffusion-weighted images (DWIs).
We acquired T1-weighted 3-dimensional magnetizationprepared rapid gradient-echo (3D-MPRAGE) sequences: repetition time, 7.1 ms; echo time, 3.3 ms; flip angle, 10°; field of view, 256 mm; acquisition matrix, 256×256×170 slices; section thickness, 1.0 mm; and voxel size, 1.0×1.0×1.0 mm. Then, whole-brain DWIs were obtained using a single-shot spinecho echo-planar sequence with 32 Stejskal-Tanner motionprobing gradient orientations. The scanning parameters were repetition time, 7,181 ms; echo time, 58 ms; b=1,000 s/mm 2 ; flip angle, 90°; field of view, 224×224×120 mm 3 ; acquisition matrix, 112×110; slice thickness, 2.0 mm; axial slices, 60; and voxel size, 2.0×2.0×2.0 mm 3 . One image without motion probing gradient (b=0 s/mm 2 ) and 32 images with it (b=1,000 s/mm 2 ) were obtained for each subject.
Mri analysis
T1WIs were processed using FreeSurfer stable version 5.3.0 (http://surfer.nmr.mgh.harvard.edu) and surface-based cortical reconstruction was performed. This reconstruction includes affine transformation from the original volume to MNI305, subcortical segmentation based on probabilistic information about the location of structures and cortical parcellation which assigns an anatomical label to each location on a cortical surface model based on probabilistic information using the "Desikan-Killiany" cortical atlas. 40 After subcortical segmentation and cortical parcellation, we examined the axial, sagittal, and coronal views and found there were neither too much removed nor not enough removed areas. Consequently, 18 major white-matter pathways were automatically reconstructed with TRACULA 33 by DWIs using FreeSurfer stable version 5.3.0. We also checked tensor orientations by representing directions as lines and found no misalignment. Preprocessing steps include eddy-current compensation, computation of measures of head motion, intra-subject registration (from individual DWI to individual T1WI), inter-subject registration (from T1WI to the FreeSurfer common template space), cortical and white matter mask creation, tensor fitting for the extraction of tensor-based measures, and the computation of anatomical priors for white matter pathways from the TRACULA atlas. TRACULA computed the measures of head motion in the DWIs of participants, 41 which enabled the average translational distance and degree of rotation to be compared between groups. There was no significant difference in head motion measures between OCD and HC groups ( p,0.05), hence we ignored spurious group differences. The next step was to fit a ball-and-stick model, which is one of the diffusion model to the DWIs using FMRIB Software Library's bedpost. 42 The final step was to reconstruct 18 major white matter pathways by using each probability distribution and fitting the shape of each pathway to the ball-and-stick model and the pathway priors. We obtained the estimated distribution threshold at 20% of maximum. 33 The 18 reconstructed white matter pathways included the corticospinal tract, inferior longitudinal fasciculus, uncinate fasciculus, anterior thalamic radiation, cingulum cingulate gyrus (supracallosal) bundle, cingulum angular (infracallosal) bundle (CAB), superior longitudinal fasciculus parietal bundle, superior longitudinal fasciculus temporal bundle, corpus callosum forceps major (FMaj), and corpus callosum forceps minor ( Figure 1 ) and scalar output volumes of the tensor fits were fractional anisotropy (FA), radial diffusivity (RD), axial diffusivity (AD), and mean diffusivity (MD). We checked all reconstructed pathways 
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Watanabe et al visually and there were no failed tracts with aberrant trajectories. We adopted a weighted average value, as TRACULA is based upon probabilistic tractography.
statistical analyses
Statistical analyses were performed using SPSS version 24.0 for Apple Mac. Between group analyses involving age and years of education were conducted using an independent t-test. Gender was evaluated using the chi-squared test and handedness was assessed with Fisher's exact test. The statistical significance level was set at p,0.05. Since we aimed to assess which diffusivity measurements in white matter fibers can predict the diagnosis of OCD, we conducted logistic regression analysis. We entered FA, AD, MD, and RD of 18 tracts (72 variables) into the independent variables for the logistic regression. We used the forward selection method which selects the most significant of these variables and set at 0.05. We also examined the interaction effect between selected variables. In addition, we conducted two analyses; we treated age as a covariate in one analysis and age, gender, and handedness as covariates in the other analysis to control the effect of these factors. We also drew scatter plots and calculated the Spearman's rank-order correlation between diffusivity measurements and clinical features (duration of illness, age of onset, and Y-BOCS score) of OCD.
Results

Demographics and clinical characteristics
We enrolled 25 patients with OCD and 27 healthy agematched controls. Age, gender, handedness, and years of education were not significantly different when compared between OCD and HC groups ( Table 1) . The mean and SD of duration of OCD, Y-BOCS score, HAM-D 17, and HAM-A are also given in Table 1 .
integrity of the white matter tract integrity
Logistic regression analysis revealed an increased RD in the FMaj (B.0, p=0.020) and a reduction of RD in the right CAB (B,0, p=0.004) can predict the probability of OCD (Table 2) . We showed the whole diffusivity mesurements in 18 white matter pathways in Table S1 . The goodness-offit index of this model was 0.257 for Cox and Snell's R 2 . Figure 2 shows the FMaj (red) and the right CAB (cyan). We also examined the interaction between RD values within the FMaj and the right CAB; however, there were no significant indication of interaction. We also conducted analyses in which we used age as a covariate and age, gender, and handedness as covariates to adjust the effect of these factors. These indices were significant when we include only age as a covariate (Table 3A) . However, when age, gender, and handedness were included as covariates, there were a significant increase of MD in FMaj and decrease of RD in right CAB (Table 3B) .
correlation between changes in the white matter and clinical features
A scatter plot and Spearman's rank-order correlation did not detect a significant correlation between RD values in the FMaj and clinical features (duration of illness, age of onset, and Y-BOCS score) and that between the right CAB and clinical characetristics (Figures S1 and S2 ).
Discussion
In this study, we used TRACULA which is an automated probabilistic tractography to reconstruct 18 major white matter tracts to detect alterations in the white matter microstructure of OCD patients. We found that the OCD group showed an increased RD in the FMaj and a reduced RD in the right CAB.
DTI data provide four highly useful metrics: FA, RD, AD, and MD. RD is equal to the average of the two smaller eigenvalues 43 and is also considered to be a useful indicator for the evaluation of myelination; 44 an increased RD is associated with the loss of myelination 45 and reduced RD is attributed to strong coherence (eg, higher density, stronger myelination, and more coherent fibers). 46 However, changes in AD are seen in axonal injury. 47 Based on this, our present results reflect demyelination in the FMaj and more coherence such as increased coherence of the right CAB. The FMaj connects the right and left occipital lobes through the splenium of corpus callosum. 48 The increased RD observed in the FMaj is partly consistent with previous DWI studies. For example, Fan et al 28 reported an increased RD in the left occipital lobe, but without a change in AD, within non-medicated OCD patients. This suggests a loss of myelin integrity in this region. Similarly, an increased RD in the splenium of the corpus callosum was identified by Magioncalda et al, 31 although AD was not the target of this particular investigation. Radua et al reported increased white matter volume and decreased FA in FMaj and increased white matter volume in cingulum angular bundle and FMaj. 29 Patients with OCD have visuo-spatial dysfunction in Rey Complex Figure  Test and Recognition Trial. 49 Our findings suggest dysmyelination in FMaj, which connects occipital lobe to each other, might contribute to visuospatial impairment. This alteration in FMaj possibly contributes to the symptom induced by the visual stimulation (eg, some OCD patients feel contaminated 
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Watanabe et al though they touch nothing, other OCD patients symmetrically arrange their belongings). Recent researches including a systematic review and meta-analysis suggested that the white matter tracts in the cortico-striato-thalamo-cortical loop and the intra-hemispheric bundles (ie, inferior fronto-occipital fasciculus, superior longitudinal fasciculus, inferior longitudinal fasciculus, and uncinate fasciculus), had microstructural abnormalities in OCD patients. 7, 50 Nevertheless, our current findings suggest that posterior inter-hemispheric bundles (ie, the FMaj) are also involved in the neuropathology of OCD. In the current study, we found an increased RD in FMaj in the OCD group when we used only age as a covariate. However, when age, gender, and handedness were entered as covariates, the OCD group showed higher MD value in the same white matter tract. An increase in RD (the average of the two small eigenvalues) leads to an increase in MD (the average of the tensor's eigenvalues). Therefore, we consider that we might identify some alteration in the FMaj. Gan et al examined diffusivity measurements with TBSS and reported FA reduction in the splenium, genu, and body as well as increased RD in the genu and body of the corpus callosum in OCD patients. 22 Since TRACULA only reconstructed the FMaj and minor, the current study was unable to show data on the body. They found lower FA while we observed higher RD in the splenium, thus the decreased FA in their study might be due to dysmyelination. In our study, there was no RD alteration in the genu where forceps minor traverses. It is possible that medication status was related to this because Benedetti et al reported differences in RD values in the genu between medicated and drug-naive patients. 30 Most previous studies used the "cingulum bundle" as a single white matter tract. However, TRACULA defined the cingulum as two separate segments; the cingulate gyrus (supracallosal) bundle and the angular (infracallosal) bundle (CAB). 33 The former is the superior part of the cingulum and runs along the cingulate gyrus, while the latter, the CAB, is the inferior part and exists along the ventral hippocampus. 48 The CAB projects into the parahippocampal gyrus and terminates in the medial temporal lobe. 51 We identified a lower RD in the (right) CAB and Fan et al previously reported a similar change in the same part of cingulum. 52 The cingulum consists of many fibers of various lengths and the longest fibers connect the anterior temporal gyrus and the orbitofrontal cortex. [51] [52] [53] Since cingulotomy, targeting the superior anterior cingulum, is an effective treatment for OCD, 54 we can hypothesize that cingulotomy may also disrupt the strong coherence of the long fibers, which run both anterior cingulum and CAB. Concerning parahippocampal gyrus, previous studies reported volume change in the parahippocampal gyrus among OCD patients. 8, 44, 55, 56 It is a part of limbic system and the region was activated in the aversion in OCD patients 57 and MD increase in the area was showed by Spalletta et al. 50 The alteration in the CAB might be associated with excessive representation of aversive stimuli.
Our results did not show the correlation between diffusivity measurements and clinical features. Some of the past studies did not show the correlations between RD values in each area, which showed significance when compared with HC 20, 28, 31 and these were consistent with our results. In OCD pathology, myelin status might play a key role. Glahn et al used magnetization transfer imaging, which is sensitive to subtle neuropathological changes such as myelination. 58 In their study, patients with OCD showed an increase of magnetization transfer ratio in the left middle frontal gyrus and gray matter of the right inferior frontal gyrus, which could be associated with myelination.
Recent published study, which used a similar method as ours, reported significant FA decrease in the FMaj and the right uncinate fasciculus. 59 These data were obtained from various races and all of our data were obtained from Asians. An initial study showed racial differences in MD for gray matter integrity. 60 They did not detect racial differences in white matter hyperintensities but our results might implicate racial differences in white matter integrity.
Since previous studies have reported that diffusion parameters might be affected by age, gender, and handedness, [61] [62] [63] we included these parameters as covariates. Increased RD in the FMaj and decreased RD in the right CAB may contribute to the probability of OCD; this was especially notable even after we considered the influence of demographic characteristics.
There are several limitations in this study. First, we obtained the weighted averages over the entire pathways 
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White matter alterations revealed by TracUla in OcD using TRACULA and those values were not focal. TRAC-ULA can identify the specific tract and TBSS can detect the focal abnormality, and so further studies which combined these methods would overcome each limitation. Another limitation is that TRACULA is unable to reconstruct the corpus callosum, except for the FMaj and minor. Therefore, we could not refer to white matter alterations around the body of the corpus callosum. In addition, other tracts also were not considered. For example, it does not construct the cortico-ponto-cerebellar tract, so we could not identify the alteration associated with cerebellum.
Conclusion
We found white matter alterations, increased RD in the FMaj which is the occipital inter-hemisphere fibers, and in the right angular (infracallosal) bundle which connects the medial temporal lobe and other regions in patients with OCD. These results suggest that the pathogenesis of OCD may include changes in myelination in not only the fronto-striato-thalamic circuit but also the posterior and temporal regions.
